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Abstract
Poly-lactic-co-glycolic acid (PLGA) has been the most successful polymeric biomaterial for use in
controlled drug delivery systems. There are several different chemical and physical properties of
PLGA that impact the release behavior of drugs from PLGA delivery devices. These properties
must be considered and optimized in drug release device formulation. Mathematical modeling is a
useful tool for identifying, characterizing, and predicting the mechanisms of controlled release.
The advantages and limitations of poly (lactic-co-glycolic acid) for controlled release are
reviewed, followed by a review of current approaches in controlled release technology that utilize
PLGA. Mathematical modeling applied towards controlled release rates from PLGA-based
devices will also be discussed to provide a complete picture of state of the art understanding of the
control achievable with this polymeric system, as well as the limitations.
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I. CONTROLLED RELEASE TECHNOLOGY
Controlled release technology is used to prolong the release of a chemical from a polymeric
carrier device. These devices are usually formed by incorporating the drug within a polymer
matrix that acts as a carrier for the drug. This technology has found commercial success
since the 1950’s when it was first developed for oral sustained release products (1). The first
clinical use of polymeric devices for controlled release was introduced in the 1960’s, while
the development of these devices has been widely researched since the early 1950’s (2,3).
Modern applications of this technology are mainly focused on the delivery of
pharmaceuticals, but the fields of agriculture, pesticides, food, cosmetics and household
products have also found useful applications for controlled release (1,4–8). Controlled
release of pharmaceuticals have resulted in several benefits to drug delivery:

• eliminating the need for repetitive dosing to maintain therapeutic effects

• improving patient comfort and compliance

• providing better regulation and control over the release rate of a drug

• reducing variability in drug – blood plasma concentrations that may lead to toxicity
and efficacy concerns (Figure 1)
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• protecting active drug molecules from degradation and loss of therapeutic activity
prior to delivery

• gaining the use of active therapeutic agents that are ineffective with conventional
delivery methods

Several different routes of administration (oral, injectable, transdermal, implantable) and
device morphologies (micro-/nano- spheres, hydrogels, films, pellets) have been
investigated for controlled release devices. Injectable micro-/nano-spheres are the most
popular of these forms. These types of advanced delivery systems continue to be developed
for wide range of drugs, different biodegradable polymers, device morphologies, routes of
administration, and complex device designs.

II. POLYMERS USED IN CONTROLLED RELEASE
Several different synthetic and natural polymers have been investigated for controlled
release systems and several of these have been approved for commercial use by the FDA
(2). Natural polymers include high molecular weight polysaccharides such as agarose,
alginate, carrageenan, hyaluronic acid, chitosan and dextran, or proteins such as collagen,
albumin, gelatin, elastin, and silk fibroin (2,9,10). However natural polymers are generally
more limited in terms of their synthesis and processing than synthetic polymers. This
disadvantage has focused more attention towards the use of synthetic polymers for
controlled release systems. Synthetic polymers include cellulose derivatives, acrylic
polymers, polaxamers, polaxamines, polyesters, polyanhydrides, polyamides, phosphorus
based polymers and polyurethanes (2,4). Two important properties to consider among the
many different synthetic polymers are biodegradability and biocompatibility. Biodegradable
polymers are of interest because the need for surgery to remove implanted release devices is
eliminated. The biocompatibility of the polymer is important so that complications with
toxicity and inflammation are avoided. A number of different release mechanisms and
release kinetics have been observed in studies with these polymers.

III. MECHANISMS OF RELEASE
The mechanism of release is the rate limiting step or series of rate limiting steps that control
the rate of drug release from a device until release is exhausted. The major release
mechanisms include: diffusion, solvent penetration/device swelling, degradation and erosion
of the polymer matrix, or a combination of these mechanisms occurring on different time
scales that leads to a more complex release process. Schematics of these individual release
mechanisms are displayed in Figure 2.

The most desirable case is zero order release kinetics. In such a case the rate of drug release
is independent of its dissolved concentration in the release medium and is delivered at a
constant rate over time. This type of release is unachievable by current polymeric release
systems. Diffusion (2a) is the most common release mechanism and is dependent on the
concentration of the dissolved drug as described by Fick’s second Law. The rate of release
for diffusion has a half ordered time dependency. Erodible delivery systems (2b) are also
non-zero ordered and the rate of release is dependent on the degradation kinetics of the
polymer used. Solvent penetration systems (2c) are also non-zero ordered and their rate is
dependent upon the permeability of the polymer used. Mathematical equations that are used
to model various release mechanisms are reviewed in section X of this article. Typically the
polymer and the processing modes selected for the device formulation influence the
mechanism of release. Internal diffusion to the surface of the delivery device is the most
common release mechanism.
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IV. PROPERTIES THAT EFFECT THE RELEASE MECHANISM
In controlled release systems there are several factors that influence the release mechanism
and the kinetics of the release. Material properties may be related to the polymer, the
releasing chemical, interactions between the polymer and releasing chemical, or properties
of the processing methods chosen to fabricate the device. Examples of these properties are
displayed in Figure 3. A list of these properties includes: molecular weight, crystallinity,
monomer composition, solubility, hydrophobicity, pKa, permeability, porosity, mass load
percent, and device morphology (9). Certain material properties may be manipulated and
present themselves as design variables that may be optimized to fit the need of a specific
release system. Understanding the effects of such material properties plays a major role in
the development of a successful controlled release system. Factors that may be affected
include: the polymers ability to be fabricated into a desired morphology or modality (i.e.
microsphere, hydrogel); the kinetics of biodegradation; biocompatibility or toxicity of the
polymer; and the ability of degradation products to be resorbed by the body. If these effects
have been characterized it is easier to select the appropriate polymer(s) for the design of a
controlled release device.

V. HISTORY OF PLGA IN CONTROLLED RELEASE
To date, poly-lactic-co-glycolic-acid (PLGA) is the most well known and widely applied
polymer in controlled release systems. This synthetic polymer has found great success due
to its biocompatibility, biodegradability, and favorable release kinetics, but also faces
stability concerns for protein delivery (11). Poly-(glycolic acid) (PGA) and poly-(lactic acid)
(PLA) along with the copolymer poly-(lactic-co-glycolic acid) (PLGA) are biodegradable
synthetic polymers that were discovered as surgical sutures in the1960’s (12–15). The
successful development of these polymers as surgical sutures led to the expansion of their
use as polymeric biomaterials. Since then the copolymer has been established as the most
successful and widely researched polymer for application in controlled release systems (16)
and is considered the “gold standard” of biodegradable polymers for controlled delivery
systems (9). PLGA has been used to release a wide range of small molecule drugs, peptides,
and proteins, including fertility regulating hormones, growth hormones, steroid hormones,
anti-inflammatory drugs, cytokines, chemotherapeutics, antibiotics, narcotic antagonists,
insulin, and vaccines (7,17–22). In comparison to other polymers that have been investigated
for controlled release, PLGA is relatively easy to process into different device morphologies
such as injectable micro-/nanospheres (23).

VI. PROPERTIES OF PLGA
PLGA is an aliphatic polymer with a polyester backbone that is formed through the
copolymerization of lactic and glycolic acid monomers (Figure 4). Because PLGA is a
copolymer, it can be polymerized into many different formulations based on the composition
of lactic and glycolic acid monomers. This copolymer composition may be used to
manipulate the crystallinity, hydrophilicity, and glass transition temperature of the
copolymer (14). The glass transition temperature typically will vary between 40–60°C
depending on the copolymer composition and molecular weight, however all compositions
of PLGA will result in a thermoplastic amorphous polymer matrix below the glass transition
temperature (24). If lactic acid is used in a higher ratio than glycolic acid, a more
hydrophobic copolymer is formed due to the higher hydrophobicity of lactic acid. Such a
change can be used to reduce the rate of water penetration into a device. Also, by
manipulating the copolymer composition of lactic acid the hydrophobicity of the drug and
copolymer can be matched better to promote a more uniform dispersion of drug throughout
the polymer matrix or help to stabilize encapsulated proteins (23). An increase in the ratio of
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glycolic acid in the copolymer composition can be used to produce a more crystalline
polymer matrix (25). Glycolic acid does not form a racemic mixture like lactic acid.
However, the lactic acid monomers that are used for the copolymerization of PLGA are
often preferred in a racemic mixture of the D-PLA and L-PLA enantiomers over the stereo-
regular form of either D-PLA or L-PLA. This is because the use of the racemic mixture
yields a polymer product that exhibits more amorphous features in its structure to improve
the homogeneous dispersion of drugs throughout the PLGA polymer matrix when
fabricating delivery devices (23).

VII. PLGA DEGRADATION
PLGA is degraded through the hydrolytic cleavage of its polyester backbone (26). The
degradation kinetics of PLGA have been characterized by collecting data via size exclusion
chromatography followed by modeling (27). The degradation studies characterized the
polymer as bulk erosion and follow pseudo-first-order degradation kinetics that can be
modeled using Eq. 1. X is the number of bond cleavages per initial number-average
molecule, kd is the copolymer degradation rate constant, t is time. X is calculated by the
measurements of the initial number average molecular weight and the number average
molecular weight at degradation time t via size exclusion chromatography.

(Eq. 1)

The hydrolysis of the polyester can be catalyzed by an acid. Because carboxylic acid chain
ends are products of the hydrolytic cleavage of the PLGA polymers, the degradation of the
polymer may lead to autocatalysis (28). This autocatalytic behavior has lead to
heterogeneous degradation of PLGA polymer matrix as a result of pH gradients within
delivery devices (29). A pH gradient from the center to the surface of the device may form
due to the internal diffusion of the acidic degradation products to the surface and away from
the device.

Since PLGA is a bulk eroding polymer and not a surface eroding polymer PLGA
degradation products, such as monomers and small PLGA fragments, will diffuse and erode
away from the entire volume of the device and not just the surface of the device. The
difference between these two erosion processes is shown in Figure 6. Because PLGA
degradation is driven by hydrolysis, the process can be exploited in delivery systems (30).
The degradation products, glycolic and lactic acid, are both non-toxic chemicals that can be
metabolized by the body (31).

VIII. PLGA RELEASE MECHANISM
The degradation rate of the PLGA polymer is the most commonly discussed release
mechanism for PLGA based release devices (2,32–38). However, depending on the
properties of the device other processes may also contribute to the release mechanism,
including: water penetration and solubilization when the device is first submerged in an
aqueous environment; erosion and diffusion of PLGA polymer fragments; and the rate of
diffusion of the releasing drug. Because these processes can occur on similar timescales the
release mechanism may be complex, and understanding differences that are observed among
release data may therefore be difficult to interpret. To describe a generalized release
mechanism from a PLGA matrix we first consider the rate of water penetration and
hydration of the PLGA matrix. Initially water penetrates from the surface to the center of the
release device which in turn activates the processes of hydrolytic PLGA polymer
degradation and diffusion of the drug encapsulated within the polymer matrix. As polymer
degradation proceeds, small fragments and monomers from PLGA begin to erode away from
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the device, which will in turn accelerate the diffusion rate of the releasing drug. If a pH
gradient is formed the autocatalytic nature of PLGA hydrolysis will accelerate the diffusion
and erosion processes of the drug and polymer even more at the center of the device. Once
enough mass has eroded away from the center of the device the pH gradient will begin to
dissipate counterbalancing the autocatalytic hydrolysis until the exhaustion of the release
drug from the device is complete. For small molecule drugs that will diffuse through the
PLGA matrix much faster it may be expected that the exhaustion of the release device will
occur before the total degradation and erosion of the PLGA polymer matrix. A schematic of
the PLGA release mechanism is depicted in Figure 7.

IX. CURRENT PLGA CONTROLLED RELEASE RESEARCH
Several research areas have emerged that are focused towards enhancing the performance of
PLGA based release devices. These areas can be classified as: the blending of PLGA with
other polymers, modifying the surface of PLGA release devices, increasing drug stability
with the use of excipients, using novel processing techniques, or applying PLGA release in
new fields such as tissue engineering.

A. PLGA Blended with Other Polymers
Several methods of incorporating other polymers with PLGA have been investigated to
combine the benefits of the different polymers. The majority of this work has been focused
towards copolymerizing PLGA with other polymers or forming complex device designs
such as the encapsulation of a PLGA device within another polymer. Embedding drug
loaded PLGA micro-particles within hydrogels is an approach towards developing novel
PLGA delivery systems that has gained popularity. Hydrogels are attractive biomaterials due
to their ability to provide a soft, permeable, and hydrophilic interface with body tissue.
However their highly hydrophilic nature limits their ability to release hydrophobic drugs or
to achieve zero order release over extended periods. These obstacles are overcome by
embedding PLGA particles in hydrogel systems because they utilize the capabilities of
controlled release from PLGA while providing the benefits of hydrogels. Some hydrogels
that have been investigated include poly-vinyl-alcohol, alginate, chitosan, and gelatin (39–
41). PLGA has also been copolymerized with other synthetic polymers. Thermosensitive
PEG-PLGA-PEG tri-block copolymers have been developed that can exist as free flowing
liquids at room temperature but form gels at body temperature (42). PEGylated PLGA nano-
particles were shown to be more effective carriers for protein and peptide drugs due to their
ability to extend the half life of the loaded drug (43).

B. Surface Modification and Coatings
The coating or surface modification of PLGA particles with other biodegradable polymers,
and/or chemical components is another area of research. The goal of these studies is to
expand the range of functionality of PLGA micro-/nano-particle release systems. The
introduction of a surface coating has overcome some obstacles of PLGA delivery for
enhanced drug release. The blood brain barrier poses an obstacle when attempting the
delivery of drugs to the brain. Trimethylated chitosan surface coatings facilitates the active
transport of PLGA nano-particles across the blood brain barrier due to its properties as a
cationic ligand (44). PLGA micro-/nano-particles that combine PLGA particles with the
beneficial properties of liposomal delivery devices have been developed by layering PLGA
nano-particles with a soybean lethicin monolayer and a polyethylene glycol shell (45).
Targeted controlled release of antibiotics to bone tissues using hydroxyapatite, a major
component in bone, may be achieved by hydroxyapatite-coated PLGA microspheres (46).
Coated PLGA particle delivery systems continue to be investigated and their success
provides opportunities for novel targeted delivery systems that may also maintain controlled
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or sustained release. Also for embedded PLGA particles within hydrogels, low levels of
surface active polyacids have been introduced to achieve the erosion of the embedded PLGA
particles (40).

C. Increased Stability Formulations
The incomplete release of native protein as a result of protein instability is one of the largest
obstacles facing protein delivery from PLGA controlled delivery devices. The denaturation
and aggregation of native protein due to instability not only causes loss of therapeutic
activity but also may cause complications regarding immunogenicity and toxicity (47).
Several approaches have found limited success in overcoming this problem. Processing may
be optimized for the most favorable conditions that minimize the degradation or
denaturation of active protein. Introducing stabilizing excipients into PLGA formulations
may prevent denaturing interactions between the polymer and protein. Reversible protein
aggregation prior to PLGA encapsulation may be used to minimize the destabilizing
polymer-protein interactions (48). Prior approaches towards protein stabilization using
chemical modifications such as PEGylation may be used to create a more stable protein (49).
Protein degradation that is due to the presence of acidic PLGA degradation products may be
limited by tailoring the properties of the PLGA polymer to delay degradation or by
incorporating basic salts in formulations to neutralize the acidic environment (48).

D. Material Formats & Processing
Some materials science research has been centered on improving and optimizing the
processing steps of PLGA systems, mainly for the emulsion process of fabricating PLGA
microand nano-particles. Organic solvent selection, polymer molecular weight, and
copolymer composition are processing variables of the emulsion fabrication method of
PLGA microspheres that may be optimized for particle formation and release behavior (50).
Also a more uniform size distribution of PLGA particles may be achieved through advanced
emulsification techniques such as membrane emulsification instead of the common freeze-
thaw emulsion method (51).

E. PLGA Tissue Engineering Scaffolds
The field of tissue engineering has also been utilizing the well characterized release behavior
of PLGA in the formulation of advanced tissue engineering scaffolds. Blends of PLGA with
other polymers have been investigated towards biomaterials (52,53). Analogous to the
delivery devices previously mentioned, some tissue engineering scaffold systems have taken
advantage of embedding loaded PLGA micro-particles to enhance release rates of important
active agents such as growth factors from the scaffolds to the cells (54,55). For these
scaffolds PLGA particles provide the controlled delivery of important chemical factors to
the cells of the scaffold while a better base polymer is used to provide greater mechanical
support and cell adhesion over PLGA. Therefore the benefits of two systems can be
combined.

X. MATHEMATICAL MODELING OF PLGA RELEASE SYSTEMS
Mathematical modeling is a useful tool that can be used to identify release mechanisms,
characterize the significant transport processes involved, estimate unknown parameters (i.e.
diffusion coefficient), reduce experimentation, and provide predictive capabilities (56,57).
From prior work, several mechanistic and empirical models have been developed for
controlled release systems.

Empirical models have been more popular in the fitting of controlled release data and are
simpler to develop, however in terms of predictive power and comprehension of the physics
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of the release system they are much weaker. Because mechanistic models are developed as
systems of differential equations that describe the mass transport phenomenon that control
drug release and because of their stronger predictive capabilities over empirical models
mechanistic models should be used over empirical models whenever possible. Of the several
models that have been developed, the majority can be grouped into a few categories:

• I: One-dimensional Fickian diffusion models analytically solved for several simple
geometries

• II: Dissolution based models for drugs of low water solubility

• III: Generalized empirical models describing nth ordered release kinetics 0 < n < 1

• IV: Empirical models describing polymer degradation and erosion

• V: Diffusion-reaction based mechanistic models developed by Monte-Carlo
simulation (58–60).

Both mechanistic and empirical models have been applied towards PLGA release systems.
The need for robust mechanistic models of controlled release systems gained attention in the
1980’s after a large amount of empirical in vitro and in vivo release data had been collected
for PLGA (61). Early mechanistic modeling of PLGA has focused attention towards
characterizing the processes of polymer degradation coupled with drug diffusion. With the
further characterization of PLGA degradation kinetics came updated classic models that
accounted for degradation.

The classic Higuchi equation was updated to incorporate a time dependent permeability that
would account for the effects of a degrading PLGA polymer matrix (Eq. 2).

(Eq. 2)

Where Qt is the cumulative mass of drug release per unit release area at time t, C* w is the
solubility of the drug in the release medium, P is the time dependent permeability, A is the
drug loading, L is the half thickness of the matrix, and Qinf is the drug loading per unit
release area (62). This model had the advantage of being able to account for the changing
porosity of a PLGA release device that was observed through scanning electron microscopy
of degrading PLGA particles. The typical Higuchi that assumes a constant permeability
coefficient is not enough to approximate release from PLGA devices. A release model based
on Fick’s second law for a spherical geometry depends on a changing polymer molecular
weight (Eq. 3).

(Eq. 3)

Where Mt is the cumulative mass released at time t, r is the radius of the micro particle, C0
is the initial drug concentration within the polymer matrix, Cs is the solubility of the drug in
the medium, D is the diffusion coefficient (63). In this model the changing molecular weight
is accounted for by the diffusion coefficient. However this model is limited to the spherical
particle format and must be resolved for non-spherical device morphologies.

Although the majority of modeling efforts for PLGA release has focused on a complex
release mechanism there are studies that have focused exclusively on a diffusion based
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release mechanism. The Roseman-Higuchi model (Eq. 4) was applied to small molecule
release data and suggested a strictly diffusion based release mechanism.

(Eq. 4)

F is the fraction of drug release at time t, ao is the radius of the cylinder, C is the solubility
of the drug in the polymer, D is the diffusivity, and A is the total initial content of drug in
polymer (64). The use of this equation is limited with the knowledge that PLGA is a
degrading polymer. Formulations of PLGA that degrade much more slowly than the typical
50:50 PLGA formulation that is used may find this model useful because degradation of the
polymer will have less of an impact on release in such as case. The model proposed by
Heller et al. (1980) describes a diffusion mechanism that accounts for the changing porosity
of the polymer matrix due to homogeneous degradation (Eq. 5). However, after the fitting of
this model to release data, it was found to have limited success compared to the Higuchi
models (42).

(Eq. 5)

In this model C is a parameter that accounts for the surface area, permeability coefficient,
and the initial concentration (65).

A modified version of the Heller equation that incorporated a diffusion term (Eq. 6)
successfully described release of small hydrophobic molecules from PEG-PLGA-PEG tri-
block copolymers microspheres.

(Eq. 6)

B and k are functions of the initial drug concentration, the diffusion coefficient, and the
device thickness (42). However application of this model to typical PLGA systems has not
been reported.

A release model for a complex device that consisted of spherical drug particles dispersed
within a PLGA disc was created to describe a burst phase release from the surface of the
device as well as a polymer degradation controlled release (Eq. 7). The burst phase was
described as a first ordered surface dissolution. This equation is useful when burst release is
a major contributing factor to the release. This is typically the case when a considerable
amount of the releasing drug has settled on the surface of the device and instantaneously
dissolves at the beginning of release.

(Eq. 7)

In this equation, Ftot is the total fraction of drug released at time t, Kb is the release rate
constant, k is the rate constant, and Tmax is the time to maximum release (66).
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The classic Fickian diffusion model was modified for PLGA drug release to incorporate a
time dependent diffusion coefficient that is dependent on the changing polymer molecular
weight as degradation occurs (Eq. 8–10).

(Eq. 8)

(Eq. 9)

(Eq. 10)

Mt is the cumulative mass released at time t, Minf is the cumulative mass released at infinite
time, r is the radius of the microsphere, D is the diffusion coefficient, MW is the polymer
molecular weight, D0 is the initial drug diffusivity, k is a constant, and kdegr is the first order
polymer degradation rate constant (32). This system of equations will not extrapolate well
across various PLGA device formulations. The coefficients that describe the effect of
degradation on the diffusivity must be recalibrated in each case.

Recent developments in mathematical modeling of controlled release systems have
presented deterministic models solved with numerical integration for the prediction of bulk
eroding biodegradable polymer matrices such as PLGA (67). In recent PLGA release
modeling work, numerical approaches using finite element solutions have been used to
develop a internal Fickian diffusion model with a time dependent porosity term that
accounts for a pseudo-first order degradation rate of the PLGA polymer matrix (Eq. 11–14).

(Eq. 11)

(Eq. 12)

(Eq. 13)

(Eq. 14)

In this model Ca is the agent concentration within the matrix, Deff is the effective diffusion
coefficient, D is the diffusion coefficient, e is the porosity at time t, tau is the mean time for
pore formation,σ2 is the variance in time required to form pores, kCw is the average pseudo
first order degradation rate, Mwo is the initial molecular weight of the polymer, and Mwr is
the average polymer molecular weight in a differential volume of matrix that permits
diffusion of the encapsulated agent. Simulation of this model has successfully predicted a
wide range of therapeutically relevant release behaviors.

Even though more complex models and modeling techniques have been developed, classic
empirical relationships such as the exponential model and Fickian diffusion model remain
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the most popular in modeling PLGA release data (68). Whether for the development of
novel mathematical models and modeling approaches or for the characterization of release
systems through the application of existing release models, mathematical modeling of
controlled release data should be preformed whenever possible. Design and research of
polymeric release systems greatly benefit from the physical characterization that modeling
provides and helps improve reliability and reproducibility of a designed system.

XI. DISCUSSION
The field of controlled drug release is well established and continually presents many
promising technologies for future drug delivery. A variety of concepts that pertain to the
development of polymeric controlled drug delivery systems have been discussed, such as the
most relevant formulation variables, polymers that may be used to fabricate such systems,
and morphologies or geometries that may be used. PLGA is the most successful and most
characterized polymer for controlled release drug delivery systems. It is favored because of
its biocompatibility, biodegradability and mechanical strength and continues to be used to
develop new controlled release systems. However several obstacles remain for PLGA in its
use in controlled release systems. Due to the limited success of protein release from PLGA
matrices due to protein instability, even for new formulation approaches and the design of
more complex devices it is likely that more hydrophilic polymers may be a better option.

Also the use of chemically modified PLGA in delivery systems such as functionalizing
PLGA to create surface modified particles has generated new ideas for targeted delivery.
However the chemical modifications of PLGA are extensive. These modifications may
compromise the mechanical strength of the polymer as well as the loss of receptor binding
ability resulting in a loss of targeting (69).

With regard to modeling of PLGA, insufficient emphasis has been placed on the benefits of
this approach. There exists many experimental release studies leading to an ocean of data
however not enough of the release studies take advantage of modeling. Emphasis should
also be placed on the use of mechanistic models over empirical models so that the field can
gain a higher level of extrapolation for different systems. Also, for the development of more
complex PLGA delivery systems there will be an increased need for the development of
novel models and modeling methodologies to describe these systems. For these new systems
the application of available models will not suffice. Thus, there is room for new approaches
to modeling to provide a better tool kit in the directed or predictable outcomes desired to
avoid trial and error experimental approaches.

The use of PLGA for responsive polymeric delivery systems is intriguing. These types of
delivery systems are designed to adjust drug release based changes in the physiologic
environment or through external stimuli. For example insulin release devices may be able to
respond to changes in glucose concentration or external stimuli such as magnets, or
ultrasound may be supplemented to control the rate of drug release (70). The strengths and
limitations of PLGA towards developing such systems will be a factor that will contribute to
its future uses in controlled release.
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Figure 1.
Comparing blood-plasma concentration variability between repetitive first order oral dosage
and zero order controlled release (a) dosage schedule (b)blood-plasma concentration
response
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Figure 2.
Schematic of common release mechanisms (a) Diffusion (b) Polymer degradation and
erosion (c)solvent penetration/device swelling
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Figure 3.
Factors /material properties that affect the release mechanism
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Figure 4.
Molecular structures of a) L-PLA b) D-PLA c) PGA and d) PLGA(x=number of lactic acid
units, y=number of glycolic acid units)
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Figure 5.
Schematic of PLGA degradation kinetics: a) passive hydrolysis b) autocatalysis
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Figure 6.
Surface & Bulk Erosion Schematics
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Figure 7.
Schematic of processes that contribute to PLGA device release mechanism: a) Initial drug
loaded device b) Water penetration and drug diffusion c) Bulk degradation and erosion d)
Autocatalytic PLGA degradation and accelerated drug diffusion e) Total degradation and
exhaustion of drug release
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Table 1

Common Controlled Release Models

Model Name & Variables Equation Cat.

Fickian Film Diffusion Model(58)
(mass released at time t, Mt; mass released at
infinite time, M∞; diffusivity, D; thickness, L)

I

Higuchi Model (71)
(mass released at time t per unit area, Q;
diffusivity, D; initial drug concentration, C0;
drug solubility, Cs)

II

Hopfenberg model(72)
(mass released at time t, Mt; mass released at
infinite time, M∞; erosion rate constant, k0;
initial drug concentration, C0; characteristic
length, a0; shape factor, n)

IV

Zero-order release rate(73)
(mass released at time t, Qt; initial mass, Q0;
rate constant, k0)

Qt = Q0 + k0t III

First order release rate(74)
(mass released at time t, Qt; initial mass, Q0;
rate constant, k1)

Qt = Q0 · e−k1t III

Hixon-Crowell Model(75)
(mass fraction dissolved into solution at time t,
ft; release constant, Kβ)

(1 − ft)1/3 = 1 − Kβt II

Weibull Model(76)
(mass released at time t, Mt; mass released at
infinite time, M∞; location parameter (lag time)
Ti; shape parameter, b; time scale parameter, a)

III

Exponential Model(58)
(mass released at time t, Mt; mass released at
infinite time, M∞; rate constant, k; exponential
factor, n)

III

Exponential model with lag time(77)
(mass released at time t after lag phase, Mt-tlag;
mass released at infinite time, M∞; rate
constant, k; exponential factor, n; lag time, tlag)

III

Exponential model with burst effect
(mass released at time t after lag phase, Mt-tlag;
mass released at infinite time, M∞; rate
constant, k; exponential factor, n; mass fraction
released as burst, b)

III
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